Phosphorus releases into aquatic environment and its subsequent contribution to eutrophication have resulted in a widespread global pollution issue. However, phosphorus is a non-renewable source. The potential supplies of phosphorus are decreasing worldwide. Therefore, removal and recovery of phosphorus from the eutropic waters is important, emergent and necessary. In this research, experiments for recovering phosphate from eutropic waters by anion exchange combined with struvite precipitation were conducted. The results indicated that the prepared XDA-7 resin was an effective adsorbent for phosphate. The adsorption isotherm of XDA-7 resin was found to be a modified Freundlich type. The maximum phosphate adsorption (20.9 mg/g) occurred in the pH range of 6.0-8.0. Phosphate adsorbed on the XDA-7 resin was effectively desorbed with 8% NaCl solution, and the resin was able to be regenerated with 3% NaClO and 4% NaOH solutions. Phosphate desorbed from the resin was recovered as magnesium ammonium phosphate (struvite). The obtained struvite was analyzed by acid dissolution method, scanning electron microscope (SEM) and Fourier transform infrared spectroscopy (FTIR). The struvite precipitate was found to be 75.8% in purity, a high-value fertilizer.
INTRODUCTION
Phosphorus (P) is an important element that is widely used in agriculture and industry. However, excess release of phosphorus into aquatic environment has caused serious eutrophication. Nutrient salts removal, especially phosphate removal, from the receiving water is key to control eutrophication (Danalewich et al. ) . On the other hand, phosphorus is a depleting resource. There have been some alarming reports that deposits of high-grade phosphate ores are likely to be depleted in the next few decades (Yoshida & Galinada ) . While the exact timeline might be uncertain, there are no alternative sources of phosphorus on the market that could replace the current global production of 20 million tonnes (Mt) of P from phosphate rock. Thus, it is very important to develop a recovery process for phosphates from phosphatecontaining wastewater as an alternative source of phosphates to compensate for such global exhaustion of high-grade phosphate ores.
The removal technologies for aqueous phosphate include chemical precipitation (CP) (Aguilar et al. ) , crystallization (Doyle & Parsons ) , adsorption, and biological processes (Mino et al. ) with denitrifying phosphate accumulating organisms. The two most common methods for phosphate removal from wastewater are CP and biological nutrient removal (BNR) (Henry et al. ; Alexandratos ) . However, these processes transfer phosphate from liquid phase to sludge phase, which needs to be subsequently transported and disposed of elsewhere. The methods of adsorption and ion exchange are widely investigated considering they are suitable for either removing or recovering phosphorus. A variety of adsorbents have been developed for phosphate removal: aluminum oxide (Hano et al. ) , iron oxide, hydrotalcite (HTAL) (Kuzawa et al. ) and basic yttrium carbonate (Haron et al. ) . However, they have various drawbacks such as low selectivity in the presence of other competing anions (Tsuji ) . Compared with adsorption, ion exchange provides a more selective means of separating ions from solution, and it recently has gained recognition in P-removal applications. Ion exchange is promising for P recovery because it is generally a reversible process (Kuzawa et al. ) . Furthermore, the concentrated ionic solution can be treated to recover P by means such as precipitation of calcium phosphate or struvite.
Struvite precipitation has gained interest in the last 10 years as a route to phosphorus recovery. It has been regarded as a promising method, because it can simultaneously recover ammonium nitrogen and phosphorus at equal molar basis to yield slow-release magnesium ammonium phosphate (MAP) fertilizer (Li & Zhao ) . Using anion exchangers can both recover phosphates from wastewaters and synthesize struvite, while struvite precipitation has been identified as a route to remove and recover phosphorus as a marketable fertilizer. Therefore, phosphorus removal and recovery through these two processes have been widely investigated (Wilsenach et al. ; Wu et al. ) . However, the effect of recovering phosphate from eutropic waters by anion exchange combined with struvite precipitation has not been adequately investigated so far.
XDA-7 resin, a macroporous adsorption resin, with high selectivity and could be regenerated easily even polluted by organic contamination. It was usually used for the decolorization processing in industry. In this work, XDA-7 resin was prepared and its phosphate adsorption and desorption properties were examined. Adsorption isotherms and equilibrium adsorption capacity of XDA-7 resin for phosphate were tested. The desorption solution were also examined. Finally, the possibility of a combined system including phosphate removal and recovery processes is discussed.
MATERIALS AND METHODS

Materials
XDA-7, a type of macroporous adsorption resin, which was purchased from Xi'an Sun Resin Technology Ltd. Synthetic water sample (different amounts of KH 2 PO 4 dissolved with de-ionized water) was used for batch mode adsorption and adsorption isotherm experiments, while original water sample was use for column-mode adsorption. Chemicals used in the adsorption experiments and phosphate recovery such as KH 2 PO 4 , NaCl, NaClO, MgCl 2 ·6H 2 O and NH 4 Cl were of analytical grade and used as received unless otherwise noted.
Batch mode adsorption and adsorption isotherm experiments
Batch-wise adsorption tests for phosphate were carried out to examine the adsorption behavior of phosphate on the XDA-7 resin. Phosphate adsorption as a function of pH was first examined in a series of adsorption tests at various pH. Here, pH was adjusted by solutions of NaOH or HCl.
The batch adsorption tests were carried out by adding 500 mg (wet weight) of adsorbent to 150 ml of synthetic phosphate solution (0.5 mg P l À1 ) at various pH, while adsorption isotherm tests by adding 100 mg (wet weight) of adsorbent to 150 ml of synthetic phosphate solution of various concentrations without pH adjusted. These tests were carried in 250 ml conical flasks and were shook at 200 rpm in a thermostated shaker. The adsorption was maintained at 25 W C for 24 h to attain equilibrium, after which the suspensions were filtered through a 0.45 μm filter paper (Ф ¼ 50 mm) and their equilibrium concentrations were measured. The quantity of adsorbed phosphate was calculated from the decrease in phosphate concentration. At a given time t, the amount of adsorbed phosphorus onto the XDA-7 resin, Q t (mg/g), was obtained as follows:
Here C 0 and C t (mg/l) are the aqueous phosphorus concentrations at the initial and at time t, respectively, V is the volume of the aqueous solution (l) and M is the wet weight of the used adsorbent (g).
Column-mode adsorption and elution experiments
The continuous phosphate adsorption tests were carried out using a transparent glass column of 0.8 cm inner radius and 20 cm high. Eutropic waters sampling from a stream from Guangzhou in China, containing 1.3 mg/l of phosphate and 9.6 mg/l of dissolved organic carbon (DOC), was percolated through the column at a flow rate of 20 bed volumes per hour (BV/h). Physical and chemical characterization of eutropic waters are presented in Table 1 . Effluent fractions were collected at pre-defined time intervals in 50 ml plastic tubes for the measurement of phosphate concentration.
After complete adsorption, an elution test was carried out using several solutions (4% HCl, 4% NaOH, 2% NaCl, 5% NaCl, 8% NaCl, 10% NaCl) at a flow rate of 2 BV/h for 2 h. Effluent fractions were collected in a 5 ml measuring cup for the measurement of phosphate and other anions.
Phosphate recovery
NH 4 Cl as ammonia source and MgCl 2 ·6H 2 O as magnesium source were added to the desorption solution laden with phosphate. P:Mg:N molar ratio was arranged to 1:1.2:3 (Wang et al. ) to not have phosphorus as a rate limiting element for MAP production. The sample was put into a beaker and slowly stirred during the addition of NH 4 Cl and MgCl 2 ·6H 2 O solution. pH was adjusted by adding 1 mol/l NaOH. MAP solution was filtrated after 1 h of stirring. Seed concentration was filtered through 0.45 μm filter paper (Ф ¼ 50 mm). The filtered crystals were dried at 40 W C for 48 h before weighing.
Analysis methods
The concentrations of NH 4 þ -N and PO 4 3À -P were analyzed by spectrophotometer. Residual concentrations of Mg 2þ ions in solution after filtration were analyzed by EDTA complexometric titration. Precipitates obtained in the crystallizer were analyzed by acid dissolution method, scanning electron microscopy (SEM) and Fourier transform infrared (FTIR). The struvite content (purity) in the harvested precipitates were analyzed and calculated according to the NH 4 þ -N content (Hao et al.
).
RESULTS AND DISCUSSION
Effect of pH on phosphate adsorption
The pH value of solution plays a major role on the adsorption capacity of phosphate. The removal of phosphate was tested from pH 2.0 to 10.0. The experimental results indicated that the maximum phosphate sorption occurs in the pH range of 6.0-8.0. In the strong acidic condition (pH < 4.0), a sharp drop in the adsorption capacity of phosphate was observed, this could be attributed to the formation of a weak hydrophosphorus salt (H 2 PO 4 À , HPO 4 2À ).
In the alkaline pH range (pH > 8.0), there was a slightly decrease, which might be due to the competition of hydroxyl ion with phosphate for adsorption on XDA-7 resin. As the pH of typical eutropic waters is near 7. (Biswas et al. ). These ions are supposed to be adsorbed onto the resin with the substitution of hydroxyl ions.
Adsorption isotherm
The adsorption isotherm of the XDA-7 resin for phosphate at 25 W C is shown in Figure 1 , where C e and q e represent the equilibrium phosphate concentration and the adsorbed 
Column-mode adsorption running with eutropic waters
The consecutive column runs were carried out using eutropic waters. Phosphate was present along with other competing anions and dissolved organic matters (DOMs). Figure 2 shows the effluent histories of phosphate concentration and DOC during the column runs, using columns individually in a continuous-mode operation. It was noted that the phosphate breakthrough took place well after 480 bed volumes while DOC was poorly adsorbed and broke through almost immediately after the beginning of the column run. The effective adsorption capacity for XDA-7 resin calculated from the breakthrough profile was 1.3 mg P g À1 . Such low extent of adsorption capacity may be attributable to low initial phosphate concentration (1.3 mg/l as P) compared with high concentration of DOC (9.6 mg/l as carbon), and competing ion sulfates (145 mg/l) and other anions in the eutropic water. Earlier pilot-plant studies with strong-base anion exchangers, revealed conclusively that sulfate and certain components of DOMs are preferred over phosphate, thus demanding frequent regenerations (Eliassen & Tchobanoglous ) . However, according to Rebhun & Manka () , at near-neutral pH, DOMs exist predominantly as cationic amino compounds, which was rejected by the XDA-7 resin as it was anion exchanger. The anionic constituents of DOMs were sorbable onto the resin, but their ligand strength (Lewis base characteristic) was either weaker or comparable with that of phosphate. Thus, the phosphate removal capacity of XDA-7 resin was supposedly only marginally affected by the presence of DOMs in treated eutropic water. This is the most plausible reason why phosphate removal during the column run (Figure 2 ) continued for over 480 bed volumes even though the concentration of DOC and sulfates were greater than that of phosphate. The XDA-7 resin was useful as an adsorbent for the treatment of water containing very low P concentration.
Phosphate desorption and regeneration of XDA-7 resin
Ion exchange was generally reversible and phosphate could be desorbed from resin, which made phosphorus recovery more easily. Either 4% HCl or 4% NaOH was found very effective to desorb phosphate from the exhausted XDA-7 resin, and desorption ratios can reach 98.6 and 99.1%, respectively. However, neither too strongly acidic nor alkaline is suitable for P recovery. As 8% NaCl solution desorbed phosphate at 93.4%, which worked more efficiently than 2% NaCl, 5% NaCl, 10% NaCl solutions (86.1%, 90.5%, 86.1%). Furthermore, it can decrease the cost of recovery of the phosphate. Thus, the solution of 8% NaCl was used for the following experiments.
The sorbed phosphate can be quantitatively removed from the XDA-7 resin by eluting with 8% NaCl. Phosphate concentration of the effluent was as high as 1,800 mg/l when elution volume was around 0.4 bed volume. Over 93.4% phosphate recovery was obtained in 3.5 bed volumes. Chemical characterization of the desorption solution in column experiments obtained in 3.5 bed volumes were shown in Table 3 . Although some of the DOMs were desorbed by 8% NaCl (Table 3) , some of them were still left in the resin which would decrease the P-removal capacity. Thus, the resin should be regenerated every time so as to be used for the next cycle of operation. The column was rinsed first with 3% NaClO for 2 h then with 4% NaOH for another 2 h. About 90% of adsorbed phosphate was recovered in the first cycle, while only 10.8% of adsorbed phosphate was recovered without regeneration. Nearly 96% recovery efficiency was achieved in the subsequent cycles with regeneration. In the six regeneration experiments, adsorption capacity of regenerated XDA-7 resin was never lower than 90% of that of the fresh XDA-7 resin, indicating that this resin is rather robust and can be used repeatedly with minimal loss of activity. Moreover, the regenerated solution (3% NaClO and 4% NaOH) could be reused.
Recovery of phosphate
The average phosphate concentration of the exhausted desorption solution in operation were 699 mg P l À1 (Table 3) .
As the exhausted desorption solutions enriched phosphate at more than 530 times the feed solution, the phosphate may be recovered efficiently. Currently, the two most developed techniques for recovering phosphorus from wastewater consist of the formation of calcium phosphates and struvite (MgNH 4 PO 4 · 6H 2 O). Calcium phosphate is not suitable for recovering phosphorus because of high concentration of sulfate (36,281 mg/l) in the desorption solution (Table 3) , which may influence the purity of the product in the end. On the other hand, struvite precipitate is not influenced by sulfate but Ca 2þ . As calcium concentration in the desorption solution is very low (7.6 mg/l), struvite may be the best precipitate in the desorption solution. Struvite precipitation is influenced by many factors including concentration of Mg 2þ , NH 4 þ , and PO 4 3À ions, pH, temperature, and mixing energy. These parameters are often difficult to control. The recoveries as struvite were examined by addition of NH 4 Cl as ammonia source and MgCl 2 as magnesium source. Different pHs greatly influenced the phosphate removal and the purity of struvite. The optimal pH range for having high struvite content (>90.0%) was between 7.5-9.0 under pure water system and 7.0-7.5 under tap water system, respectively. In real wastewater, Ca 2þ at pH > 8.0 might generate impurities rather than struvite (Hao et al. ) . Although efficient phosphate removal was observed when pH > 9.0, however, the purity of struvite was decreased from 81.3% (pH ¼ 9.0) to 3.9% (pH ¼ 11.0). The morphology of the struvite was identified using SEM. SEM micrographs of the precipitates obtained from batch mode experiments and column-mode running with eutropic waters are presented in Figure 3 . They were conducted at the same P:Mg:N molar ratio (1:1.2:3). The precipitates obtained from column-mode experiment (Figure 3 (Figure 3(a)-(b) ) were a little larger in size (80-100 μm) than those formed at higher phosphate concentrations (Figure 3(c)-(d) ). Typical of struvite precipitates were observed (Figure 3) , more or less elongated crystals in the form of needles.
The FTIR spectra of the precipitates obtained for batch mode experiments and column-mode running with eutropic waters exhibited the characteristic PO 4 3À band at 1004.9 cm 
